Traces of luteolin, an important rhizobial nod gene inducer in Rhizobium meliloti, are released by alfalfa (Medicago sativa L.) seeds, but most luteolin in the seed exudate is conjugated as luteolin-7-O-glucoside (L7G). Processes affecting the production of luteolin from L7G in seed exudate are poorly understood. Results from this study establish that (a) seed coats are the primary source of flavonoids, including L7G, in seed exudate; (b) these flavonoids exist in seeds before imbibition; and (c) both the host plant and the symbiotic R. meliloti probably can hydrolyze L7G to luteolin. Glycolytic cleavage of L7G is promoted by glucosidase activity released from sterile seeds during the first 4 hours of imbibition. Thus, L7G from imbibing alfalfa seeds may serve as a source of the nod-gene-inducing luteolin and thereby facilitate root nodulation by R. meliloti.
L7G, like luteolin, shows activity in nod-gene-inducing assays with R. meliloti, several orders of magnitude higher concentration are required. One interpretation of such results is that L7G itself is inactive, and rhizobia are induced by luteolin, which they hydrolyze from L7G. Although rhizobial hydrolysis of L7G in the soil may be an ecologically significant process, it is equally possible that alfalfa seeds release glucosidases that break down L7G.
The objectives of this study were to identify the seed tissues required for exudation of nod-gene-inducing flavonoids, to assess whether concurrent flavonoid synthesis is required for that process, and to investigate whether plant or rhizobial factors may be active in releasing luteolin from L7G as one step toward the establishment of root nodules and symbiotic N2 fixation.
One early event in the formation of alfalfa root nodules by the soil bacterium Rhizobium meliloti involves expression of the bacterial nodulation genes nodABC (10) . Transcription of those genes occurs through the cooperative action of a constitutive bacterial nodD gene product and plant flavonoids (14, 15) . Five nod-gene-inducing flavonoids in alfalfa seed and root exudates have been identified (6, 11, 15) , but factors within the plant that regulate the quantities of nod-gene inducers exuded into the soil are poorly understood.
Because roots and seeds are physiologically dissimilar organs, the processes controlling exudation of their nod-geneinducing flavonoids may differ. In alfalfa seedling roots, the release of three nod-gene-inducing flavonoids at rates of 1 to 3 pmol plant-h-' is closely coupled to their synthesis (12) . By contrast, during the first 4 h of imbibition, the nod-gene inducer luteolin is discharged from alfalfa seeds at a rate of 70 pmol * plant-h-' (6). The particular seed tissues that release luteolin and whether concurrent synthesis is required for the process are not known.
L7G3, which is released from alfalfa seeds at a rate of 800 pmol * plant-h-', comprises about 40% of the luteolin derivatives discharged during the first 4 h ofimbibition (6) (6) .
Flavonoid Metabolism
Seed exudates for ammonium sulfate precipitation experiments were prepared by imbibing 1 g seeds in 10 mL of filtersterilized buffer (25 mM oxalic-malate buffer at pH 5.0, 3 mM 
RESULTS

Source of Flavonoids
Normal hydration of seed tissues during imbibition was not required for flavonoid release, because a 4-h rinse with 50% methanol contained the flavonoids identified previously in aqueous rinses ( Fig. 1) (6) . When separate seed tissues were tested as sources of flavonoids present in an aqueous rinse after 4 h, HPLC analyses indicated that compounds released from intact seeds ( Fig. 2A ) also were discharged from isolated seed coats (Fig. 2B) . Compounds were present in rinses of the remaining seed parts (Fig. 2C) , but none ofthe peaks in Figure  2C had UV/visible spectra comparable to those of peaks in Figure 2A .
Modification of Flavonoids
Significant quantities of protein are released by seeds within a few hours after water is added (Fig. 3) . A portion of that protein which is precipitated by 80% ammonium sulfate can produce luteolin aglycone from endogenous substrates in the seed rinse (Table I) . When endogenous flavonoids were removed from a seed rinse by gel filtration, fl-glucosidase activity that hydrolyzed p-nitrophenylglucose and L7G was detected (Table II) . Subsequent separation of proteins on BioGel P-150 increased specific glucosidase activity on both substrates (Table I1) , and the presence of those activities in the earliest fraction from the Biogel P-150 suggests a mol wt of 100,000 to 150,000 for the glucosidase(s).
Free-living cells of R. meliloti 1021 apparently also hydrolyze L7G to luteolin (Table III) . Those data, which are representative of four experiments, show that the commercial L7G contained about 1.5% luteolin as a contaminant. Decreases in L7G and luteolin in sterile control flasks may have reflected adhesion of these poorly soluble compounds to glass surfaces. Although decreases in L7G were not matched by equimolar increases in luteolin in the presence of bacteria, in every case the amount of free luteolin increased during the 24 h incubation period despite apparent losses of the compound in sterile controls. This fact, coupled with possible adhesion of luteolin to bacterial cells, suggests the total luteolin released by R. meliloti activity was underestimated.
DISCUSSION
Results from this study indicate that biochemical processes responsible for transmitting a nod-gene-inducing signal from alfalfa to Rhizobium meliloti do not cease with release of flavonoids from the seed. In contrast to the concurrent synthesis and specific release of nod-gene-inducing flavonoid aglycones from alfalfa seedling roots (12) , the present data show that most flavonoids released from seeds do not require seed hydration (Fig. 1 versus 2A ) and, thus, must have been synthesized in the previous generation. Although some flavonoids may be stored in cotyledons (Fig. 2C) , most apparently are present in the seed coat (Fig. 2B) and are discharged as glycosides during imbibition. The data do not prove that flavonoids are released passively into aqueous solutions, because the methanol rinse may have extracted compounds from storage pools. Although it is possible that no plant metabolic events are required for release of L7G, the compound apparently can be modified into the active nod gene inducer luteolin by glucosidase(s) from seeds (Tables I and II) and rhizobia (Table III) . Glucosidases from other soil microorganisms (1, 19) may also contribute to this process. Whether the glycosidase(s) active in these alfalfa seed exudates are similar to glycosidases reported from other seeds (2, 4, 16, 17) remains to be determined. Data from this study together with other recent findings suggest the following model of how conditions for the establishment of alfalfa root nodules are produced in the rhizosphere. Seeds release flavonoid glycosides that are more soluble in water than aglycones but less active as nod gene inducers in R. meliloti (6) . These glycosides have the potential to diffuse away from the germinating seed, and L7G, which comprises a significant portion of the total flavonoid fraction, can be hydrolyzed to active nod-gene-inducing luteolin by seed exoenzymes (Tables I and II) , by R. meliloti (Table III) , or possibly by other soil microorganisms (1, 19) . Populations of R. meliloti are increased around the imbibing seed by the positive chemotactic effect of luteolin (3) and by the capacity of luteolin, L7G, quercetin, and quercetin-3-0-galactoside to enhance growth rates of R. meliloti (5) . The nod genes controlled by nodD in those rhizobial cells are then induced by luteolin and chrysoeriol from the seed (6). As roots develop, 4,4'-dihydroxy-2'-methoxychalcone, 4', 7-dihydroxyflavone, and 4', 7-dihydroxyflavanone are exuded into the seedling environment and also promote nod gene induction (1 1). In the region where 4,4'-dihydroxy-2'-methoxychalcone from the root occurs with luteolin from the seed, there may be a synergistic promotion of nod gene induction (7, 8) . As a result, root hairs curl and rhizobia invade the plant root (10) .
Individual components of the preceding model are supported by laboratory data, but the relative importance of separate steps in soil is unknown. Classical studies show that root nodule formation is favored by large numbers ofeffective rhizobial cells (18) . Processes affecting release and modification of nod-gene-inducing flavonoids from alfalfa seeds could alter the size of the rhizobial population and the fraction of those cells transcribing nod genes. In that sense, these processes play a potentially important role in root nodulation and, in some cases (9), may limit nodule development and subsequent N2 fixation.
